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Summary 

Background The pathophysiology of asthma involves allergic inflammation and remodel- 
ling in the airway and airway hyperresponsiveness (AHR) to cholinergic stimuli, but many 
details of the specific underlying cellular and molecular mechanisms remain unknown. 
Periostin is a matricellular protein with roles in tissue repair following injury in both the 
skin and heart. It has recently been shown to be up-regulated in the airway epithelium of 
asthmatics and to increase active TGF-|3. Though one might expect periostin to play a del- 
eterious role in asthma pathogenesis, to date its biological role in the airway is unknown. 
Objective To determine the effect of periostin deficiency on airway responses to inhaled 
allergen. 

Methods In vivo measures of airway responsiveness, inflammation, and remodelling were 
made in periostin deficient mice and wild-type controls following repeated intranasal 
challenge with Aspergillus fumigatus antigen. In vitro studies of the effects of epithelial 
cell-derived periostin on murine T cells were also performed. 

Results Surprisingly, compared with wild-type controls, periostin deficient mice devel- 
oped increased AHR and serum IgE levels following allergen challenge without differences 
in two outcomes of airway remodelling (mucus metaplasia and peribronchial fibrosis). 
These changes were associated with decreased expression of TGF-|3l and Foxp3 in the 
lungs of periostin deficient mice. Airway epithelial cell-derived periostin-induced conver- 
sion of CD4"^ CD25~ cells into CD25"^, Foxp3"^ T cells in vitro in a TGF-|3 dependent 
manner. 

Conclusions and Clinical Relevance Allergen-induced increases in serum IgF and bron- 
chial hyperresponsiveness are exaggerated in periostin deficient mice challenged with 
inhaled aeroallergen. The mechanism of periostin's effect as a brake on allergen-induced 
responses may involve augmentation of TGF-P-induced T regulatory cell differentiation. 

Keywords airway hyperresponsiveness, asthma, IgF, mouse model, mucus metaplasia, 
peribronchial fibrosis, periostin, TGF-|3 
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Introduction 

Asthma is a common disease characterized by reversible 
airflow obstruction, airway hyperresponsiveness (AHR), 
airway inflammation, mucus hypersecretion and sub- 
epithelial fibrosis [1]. The cellular and molecular 
mechanisms underlying asthma remain incompletely 
understood, but new insights are being uncovered from 
the application of genomic technologies to human 



airway biospecimens. For example, in high-density 
microarray studies of gene expression in the airway epi- 
thelium in asthmatic subjects and healthy controls, we 
recently found that periostin is among the most highly 
up-regulated genes in asthma and that its expression in 
airway epithelial cells is regulated by interleukin 13 
(IL-13), a Th2 cytokine [2]. We went on to show that 
periostin gene expression in airway epithelial cells is a 
marker of an asthma subphenotype driven by excessive 
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Th2-type inflammation and characterized by high levels 
of serum IgE, systemic and lung eosinophilia, increased 
thickness of the reticular basement membrane and 
responsiveness to corticosteroids [3]. 

Periostin is a matricellular protein first identified in 
osteoblasts and later found more widely expressed in 
mesenchymal cells in other organs [4-7]. Periostin null 
mice show aberrant type 1 collagen fibrillogenesis in 
skin and poor integrity of the periodontal ligament in 
response to mechanical stress [8, 9]. Further studies dem- 
onstrate the essential role of periostin in tissue repair in 
both the skin and heart following injury [10-12]. Its 
interaction with type 1 collagen, fibronectin and tenas- 
cin C as well as integrins, avP3 and avps, within the 
extracellular matrix (ECM) are thought to underlie its 
function in ECM organization and tissue repair [13-15]. 
We have demonstrated that in airway epithelial cell cul- 
ture models periostin increases levels of active TGE-p 
and that it has roles in regulating collagen synthesis and 
collagen gel elasticity [16]. To begin to explore the bio- 
logical roles of periostin in the airway in asthma, we 
took advantage of a periostin deficient mouse previously 
described [8] to determine how deficiency of periostin 
modulates airway responses to allergic airway inflam- 
mation. We anticipated that allergen challenge in mice 
would up-regulate periostin in the airway and model our 
previous findings in human asthma. Because we have 
found that periostin up-regulates TGF-P, we further 
anticipated that upregulation of lung periostin in these 
mice would be associated with an increase in TGF-p. 
TGF-P has multiple effects in the lung, including anti- 
inflammatory activity attributable to its induction of T 
regulatory cells and pro-fibrotic activity attributable to 
its effects on fibroblasts [17-23], so that its influence on 
asthma outcomes, such as AHR, airway eosinophilia and 
airway remodelling (peribronchial fibrosis and epithelial 
mucins), can vary depending on the specifics of the 
mouse model and the mechanism of TGF-P manipula- 
tion. Thus, we included a range of outcomes in our study 
design, including markers of AHR, eosinophils, T regula- 
tory cells, peribronchial fibrosis and epithelial mucins. 

Our results provide new insights into the roles of 
periostin in allergic airway inflammation. 

Materials and methods 

Mice 

By replacing the translation start site and first exon 
with a lacZ reporter gene, 129SJv;C57BL/6 periostin 
deficient mice [Pn~^~] were generated [8]. Similar num- 
bers of male and female 12-13 week-old Pn~^~ mice 
and littermate wild-type controls were used in this 
study. Initial studies were performed in mixed back- 
ground mice backcrossed into a C57BL/6 background 



for three generations (F3). However, to guard against 
the possibility that backcrossing for three generations 
may yield spurious results in some outcomes of aller- 
gen-induced inflammation [24, 25], we also performed 
experiments in mice backcrossed into the C57BL/6 
background for six generations; these E6 mice were 
also in an IL-4 reporter background (4get) to enable 
study of IL-4 expressing cells [26]. Mice were bred 
and maintained under specific pathogen-free conditions 
in the Laboratory Animal Resource Center at the 
University of California, San Francisco. The Committee 
on Animal Research at the University of California, 
San Francisco approved the use of mice for these 
experiments. 

Aspergillus antigen sensitization protocol 

A mouse model of allergic lung disease was established 
using methods described previously with minor modifi- 
cations [27]. In brief, isoflurane anesthetized mice were 
given 100 |Lig (40 |li1 of saline) of Aspergillus fumigatus 
(Hollister-Stier Laboratories, Spokane, WA, USA), or 
40 jil of normal saline alone applied to the nostrils 
using a micropipette with the mouse held in the supine 
position. After three treatments per week for 3 weeks, 
mice were killed 48 h after the last intranasal challenge. 

Airway hyperresponsiveness measurements 

Forty-eight hours after the last challenge, mice were an- 
aesthetized with ketamine (100 mg/kg of body weight) 
and xylazine (10 mg/kg). A tracheostomy was per- 
formed, and a tubing adaptor (20 gauge) was used to 
cannulate the trachea. The mice were then attached to a 
rodent ventilator and pulmonary mechanics analyzer 
(FlexiVent; SCIREQ Inc., Montreal, Canada) and venti- 
lated at a tidal volume of 9 mL/kg, a frequency of 150 
breaths/min, and 2 cm H2O positive end- expiratory pres- 
sure. Mice were paralysed with pancuronium (0.1 mg/kg 
intraperitoneally). A 2 7 -gauge needle was placed in the 
tail vein, and measurements of airway mechanics were 
made continuously using the forced oscillation 
technique. Mice were given increasing doses of acetyl- 
choline (0.1, 0.3, 1, 3 and 9.6 jig/g of body weight) 
administered through the tail vein to generate a concen- 
tration-response curve as previously described [28]. 

Broncho-alveolar lavage cell counts 

Lungs were subjected to lavage five times with 0.8 mL 
of phosphate-buffered saline (PBS). After centrifugation 
(200 g, 5 min), the cell pellet was resuspended in nor- 
mal saline after lysis of red blood cells. Total cells were 
counted with a hemacytometer. Cytospin preparations 
were stained with a HEMA 3 stain set (Fisher Scientific, 
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Pittsburgh, PA, USA), and broncho-alveolar lavage 
(BAL) fluid cell differential percentages were determined 
based on light microscopic evaluation of >300 cells/ 
slide [29]. 

Lung histology and immunohistochemistry 

After lavage, lungs were inflated with 10% buffered for- 
malin to 25 cm H2O of pressure. Multiple paraffin- 
embedded 5-|im sections of the entire mouse lung were 
prepared and stained with hematoxalin and eosin 
for regular morphology, with periodic acid-Schiff (PAS) 
for evaluation of mucus production, or with Sirius red 
for evaluation of fibrosis. Immuno staining was per- 
formed on histological lung sections using antibodies to 
detect periostin (rabbit polyclonal antibody at 1 : 3000 
dilution; gift from Simon Conway, Indiana University 
School of Medicine, IN, USA). Histological sections were 
deparaffmized, rehydrated, incubated in 3% hydrogen 
peroxide/absolute methanol for 10 min and then blocked 
with 50/0 goat serum for 30 min at 23°C. Sections were 
then blotted and incubated in primary antibody diluted 
in 50/0 goat serum/0.30/0 Tween 20/PBS for 1 h at 23°C. 
Sections were then incubated for 1 h at 23 °C in biotiny- 
lated donkey anti-rabbit (1 : 10 000, Jackson Immuno- 
Research, Westgrove, PA, USA). Next, sections were 
incubated in ABC reagent (Vector Laboratories, Burlin- 
game, CA, USA) for 1 h at 23°C, followed by DAB Plus 
reagent (Zymed, San Francisco, CA, USA) for 10 min 
and counterstaining with Gill's no. 3 hematoxylin. 

Quantitative measurement of epithelial mucin stores and 
peribronchial fibrosis using stereology 

Design-based stereology was applied to histological sec- 
tions of mouse lungs using a point and intercept-count- 
ing technique using an integrated microscope 
(Olympus, Albertslund, Denmark), video camera (JVC 
Digital Color; JVC, Tatstrup, Denmark), automated 
microscope stage, and computer (Dell Optiplex GS270 
PC running Computer-Assisted Stereology Toolbox 
software; Olympus, Albertslund, Denmark) [2]. A line 
segment grid was superimposed on systematically ran- 
domly selected microscope fields. Points overlying 
staining of interest were counted along with intersec- 
tions of test lines with basal lamina. An investigator 
blinded to the experimental conditions recorded all 
measurements. The volume of interest was calculated 
by quantification of the volume of staining referenced 
to the surface area of basal lamina surveyed (cubic 
micrometre per square micrometre). Measures of 
epithelial mucin stores were made using the technique 
applied to approximately 250 random sections per 
mouse (40 X magnification) of mouse lung stained with 
PAS. Peribronchial fibrosis measures were made using 



the technique applied to 100 random sections per 
mouse (60 X magnification) of mouse lung stained with 
Sirius red. Measures of peribronchial fibrosis were made 
in airways of 100-300 |im diameter to avoid bias that 
might be introduced from sampling larger airways. 

Cell culture 

Spleens from 6-8 week-old C57BL6 mice were har- 
vested, manually dissociated and passed through a 70- 
jim strainer in DMEM containing 10% fetal calf serum 
(PCS) (Gibco, Carlsbad, CA, USA). Cells were incubated 
with allophycocyanin (APC)-Alexa Fluor 780-anti-CD4 
(RM4-5) and phycoeiytherin (PE) -anti- CD 2 5 (BD Biosci- 
ence, San Diego, CA, USA) in 2o/o FCS-PBS for 30 min 
at 4°C, washed and resuspended in 2o/o FCS-PBS. CD4"' 
CD25~ cells were then purified using a MoFlo XDP 
High-Speed Cell Sorter (Beckman Coulter, Brea, CA, 
USA). CD4"' CD25" cells were stimulated for 4 days 
with plate-bound anti-CD3 (2 jig/mL; 145-2C11, NA/LE, 
BD Bioscience), soluble anti-CD28 (2 jig/mL; BD Biosci- 
ence) and recombinant human IL-2 (20 U/mL, NCI Pre- 
clinical Repository, Frederick, MD, USA) and were 
cultured at 10^ cells/mL with recombinant human TGF- 
Pl (10 ng/mL, Humanzyme, Chicago, IL, USA) and 
recombinant human periostin (40 ng/mL, R8tD Systems, 
Minneapolis, MN, USA). CD4"' CD25" cells were also 
stimulated as above with plate-bound anti-CD3, soluble 
anti-CD28, and recombinant human IL-2 and co-cul- 
tured for 4 days with a human airway epithelial cell 
line (Beas2B) that contains a stably transfected human 
recombinant periostin expression vector (B2BPN) or a 
control vector (B2BCTL) [16] grown in air-liquid inter- 
face at 200 000 cells/mL in the presence or absence of 
the TGF-pi receptor kinase inhibitor (SB 431542, 
10 nM, Sigma- Aldrich, St. Louis, MO, USA) or the pan- 
TGF-P blocking antibody (50 |ig/mL, AB-IOO-NA, RetD 
Systems). T cells were harvested for flow cytometic 
analysis and RT-PCR. 

Flow cytometric analyses 

Flow cytometric analyses (FACS) were performed on 
whole lung single-cell suspensions [30]. Lungs were 
perfused transcardially with 20 mL PBS, and the left 
lung was removed, mechanically dissociated and cells 
passed through a 70-|im filter to generate single-cell 
suspensions. Single-cell suspensions were washed in 
FACS buffer (PBS, 30/0 PCS, 1 mg/L NaNs) and incu- 
bated for 30 min on ice with the antibody to surface 
marker APC-Alexa Fluor 780-anti-CD4 (RM4-5; BD Bio- 
sciences). Cells were resuspended in 1 mg/mL 4',6-dia- 
midino-2-phenylindole to exclude dead cells. Samples 
were acquired on an LSRII flow cytometer (BD Bio- 
sciences) and analysed using FlowJo software (Tree 
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Star, Ashland, OR, USA). Flow cytometric analysis was 
also performed on cultured mouse CD4"^ CD25~ spleno- 
cytes. Cells were washed in 2% FCS-PBS and incubated 
for 30 min on ice with PE-anti-CD25 (BD Biosciences). 
Cells were washed in 2% FCS-PBS and samples were 
acquired on FACSCalibur (BD Biosciences) and analysed 
using Flow Jo software (Tree Star). 

Western blot analysis 

Whole lung tissue was homogenized in radioimmuno- 
precipitation assay buffer (150 mM NaCl, 1% Triton 
X-100, O.io/o SDS, 50 mM Tris-HCl pH 7.5) containing 
a cocktail of Complete Mini (proteinase inhibitors) and 
PhosSTOP (Roche, Mannheim, Germany). Protein con- 
centrations were measured with BCA Protein Assay 
(Thermo Scientific, Rockford, IL, USA). A 20 jig of pro- 
tein samples were electrophoresed under reducing con- 
ditions in 10% Tris-HCl Ready Gels (Biorad, Hercules, 
CA, USA) and transferred to Hybond nitrocellulose 
paper (Amersham, Piscataway, NJ, USA). Non-specific 
binding sites were blocked by washing blots in 5% 
non-fat milk (Nestle) in PBS containing 0.1% Tween20 
(PBST; Sigma) for 1 h with shaking. Blots were incu- 
bated with primary antibody overnight at 4°C [rabbit 
anti-periostin 1 : 3000 dilution (a gift from Simon 
Conway, Indiana University, Indianapolis, IN, USA); 
mouse anti-GAPDH 1 : 4000 dilution (Ambion, Austin, 
TX, USA)], washed in PBST and incubated with HRP 
conjugated secondary antibody for 1 h at room temper- 
ature. Blots were washed again before visualization of 
immunocomplexes using electrochemiluminescence plus 
Western blotting kit and exposing to Hyperfilm (GE 
Healthcare, Piscataway, NJ, USA). 

Enzyme-linked immunosorbent assays 

Enzyme-linked immunosorbent assays (ELISA) were 
performed on serum and whole lung homogenates. Sera 
were obtained from blood collected by cardiac puncture 
from mice after airway responsiveness measurements. 
Total serum IgE levels were measured using microplates 
coated with anti-mouse IgE (R35-72; BD Biosciences). 
Diluted serum samples were added to each well, and the 
bound IgE was detected with biotinylated anti-mouse 
IgE (R35-118; BD Biosciences). Colour development was 
achieved using streptavidin-conjugated horseradish per- 
oxidase (BD Biosciences) followed by addition of horse- 
radish peroxidase substrate (TMB; BD Biosciences). 
Whole lung homogenates were prepared as described 
above for Western blot analysis, and 20 |ig of total pro- 
tein (as determined by BCA Protein Assay described 
above) was diluted in 100 \i\ of reagent diluent accord- 
ing to manufacturer's protocol and assayed in duplicate 
for total mouse TGF-|3l using the R8tD Systems mouse 



TGF-pi Duoset ELISA Kit (Minneapolis, MN, USA). 
Optical densities were obtained at 450 nm on a Spectra- 
Max Plate Reader (Molecular Devices, Sunnyvale, CA, 
USA) and results were analysed using SoftMax Pro 
V5.4 Software (Molecular Devices). 

RNA extraction and RT-PCR 

The RNA was extracted from whole lung and thoracic 
lymph node homogenates using RNeasy mini-kits (Qia- 
gen, Valencia, CA, USA) [31], and two-step qPCR was 
performed [2]. Briefly, cDNA synthesis was carried out 
using 20 ng of total RNA and Superscript III (Invitro- 
gen, Carlsbad, CA, USA) with random hexamers for 
priming. Multiplex pre-amplification was performed 
using one-fifth of the resultant cDNA, Advantage 2 
Polymerase (Clontech, Mountain View, CA), and 5 pmol 
of each outflanking primer. Real-time PCR gene quanti- 
fication was then performed on the amplified cDNA by 
using TaqMan probes (Applied Biosystems, Foster City, 
CA) and Universal Master Mix (Platinum Quantitative 
PCR SuperMix-UDG with ROX; Invitrogen). Transcript 
quantification was run on an ABI Prism 7900 Sequence 
Detection System (Applied Biosystems). Normalization 
was performed using Genorm Software and housekeep- 
ing genes GAPDH, RPS9 and PPIA. 

Statistical analyses 

All numerical data were calculated as mean ± SEM and 
analysed using GraphPad Prism Software (LaJolla, CA, 
USA). Data were not transformed prior to analysis, 
except for PCR data, which were log transformed. Dif- 
ferences between experimental conditions were first 
assessed by one-way anova for each measure. Wherever 
group differences were confirmed by the anova proce- 
dure with a significance level of 0.05, we conducted 
post hoc Student t-tests for between group comparisons. 
To analyse the acetylcholine dose response curves, we 
used two-way anova (because there are two independent 
variables: treatment group and dose of acetylcholine) 
followed by Bonferonni post hoc tests when group dif- 
ferences were significant (P < 0.05). 

Results 

Aspergillus antigen airway challenge induces periostin 
protein expression in the lung 

To determine if Aspergillus antigen challenge up-regu- 
lates periostin protein expression in the lung, we evalu- 
ated periostin protein expression by immunoblot of 
whole lung homogenates and by immunohisto chemistry 
on whole lung sections from periostin deficient mice 
and wild-type 129;C57BL/6 controls (F3). As expected. 
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no periostin protein was detectable in periostin deficient 
mice before or after Aspergillus antigen challenge 
(Figs la and b). However, periostin expression increased 
following challenge with Aspergillus antigen in wild- 
type mice (Figs la and b). Notably, periostin was not 
found in epithelial cells themselves but in the sub-epi- 
thelial space, consistent with the immunolocalization 
pattern we found previously in human airway mucosal 
biopsies and with our previous findings that periostin is 
expressed in airway epithelial cells but secreted rapidly 
in a basal direction into the matrix [16]. 

Periostin deficient mice have increased airway 
hyperreactivity and higher systemic IgE responses 
following airway challenge with Aspergillus antigen 

In F3 mice we found similar levels of airway responsive- 
ness to acetylcholine in periostin null mice and litter- 
mate controls under non-challenged conditions, but the 
periostin null mice were significantly more reactive to 
acetylcholine following challenge with Aspergillus anti- 
gen (Supporting Information Fig. Sla). In addition, 
periostin null mice and controls had similar serum IgE 
levels under non-challenged conditions, but the periostin 
null mice had significantly higher serum IgF levels fol- 
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Fig. 1. Periostin protein increases in the lung following airway chal- 
lenge with Aspergillus antigen, (a) Periostin protein expression in the 
lungs of wild-type (Wt) and periostin deficient {Pn~^~) mice was 
determined by immunoblotting for periostin protein in lung extracts 
from saline or Aspergillus (Asp) antigen-challenged mice (F3). (b) 
Immunohisto chemistry for periostin protein expression was performed 
on lung sections from Wt or Pn~^~ mice treated with saline or Asp 
antigen (F3). Magnification: 40 x. 



lowing airway challenge with Aspergillus antigen 
(Supporting Information Fig. S lb). Furthermore, the perio- 
stin null mice demonstrated no differences in BAL cell 
counts compared with wild-type littermate controls follow- 
ing allergen challenge (Supporting Information Fig. Sic). 

Because of the possibility that insufficient backcross- 
ing could influence physiological and inflammatory 
outcomes in mouse models of asthma [24, 25], we 
repeated the Aspergillus allergen protocol in mice back- 
crossed six times into a C57BL/6 background (F6). In 
these repeat experiments we simultaneously back- 
crossed the mice into a 4get background, because the 
IL-4-IRFS-eGFP (4get) reporter allows monitoring of 
IL-4 expressing cell trafficking and cell sorting. As with 
the F3 mice, the F6 mice showed similar levels of air- 
way responsiveness to acetylcholine in periostin null 
mice and littermate controls under non-challenged con- 
ditions. However, the periostin null mice were sig- 
nificantly more reactive to acetylcholine following 
challenge with Aspergillus antigen (Fig. 2a). In addi- 
tion, periostin null mice and controls had similar serum 
IgE levels under non- challenged conditions, but the 
periostin null mice had significantly higher serum IgE 
levels following airway challenge with Aspergillus anti- 
gen (Fig. 2b). Finally, we did not find a significant dif- 
ference in the allergen-induced increase in BAL cell 
counts in the periostin null mice compared with con- 
trols (Fig. 2c). 

GPP"", IL-4 producing cells and GFP'' CD4'^ cells 
increase similarly in periostin deficient mice and 
wild-type controls following airway challenge with 
Aspergillus antigen 

To determine if changes in AHR and serum IgE in the 
periostin deficient mice following allergen challenge 
might be explained by differences in the numbers of IL- 
4-producing cells within the lung tissue, we performed 
flow cytometric analysis on whole lung single-cell sus- 
pensions made from periostin null and wild-type litter- 
mate controls in the C57BL/6 4get background (F6) 
following Aspergillus antigen challenge (Fig. 3a). In 
this model system, IL-4-producing cells express the GFP 
protein. We found that following Aspergillus antigen 
challenge, GEP-producing cells accumulated similarly 
in the lungs of both periostin null mice and wild-type 
littermate controls (Fig. 3b). In addition, the subset of 
GEP"" cells that were positive for CD4 surface staining 
also increased similarly in the lungs of periostin defi- 
cient mice and wild-type littermate control (Fig. 3d). 
There were no differences in numbers of lung dendritic 
cells detected in periostin deficient and wild-type mice 
following allergen challenge (data not shown). Further- 
more, analysis of mRNA levels of IL-4, 5 and 13, within 
the draining lymph nodes of periostin null and 
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Fig. 2. Periostin deficient mice have increased airway hyperreactivity 
and higher systemic IgE responses following airway chaUenge 
with Aspergillus antigen, (a) Airway reactivity to intravenously 
administered acetylcholine is similar in unchallenged periostin defi- 
cient [Pn~^~] mice (F6) and wild-type (Wt) mice, but acetylcholine 
reactivity following Aspergillus (Asp) challenge is more severe in Pn~^~ 
mice (F6). *P < 0.05, ***P< 0.001 for Wt Asp vs. Pn~^~ Asp. 
###P < 0.001 Wt saline vs. Wt Asp. (b) Serum IgE levels are similar 
in Pn~^~ mice (F6) and wild-type mice, but IgE levels following Asp 
challenge are more severe in Pn~^~ mice (F6). *P < 0.05. (c) Total cell 
numbers in broncho-alveolar lavage (BAL) are similar in Pn~^~ mice 
(F6) and wild-type mice, and increased markedly following Asp chal- 
lenge with increases in macrophages, eosinophils and lymphocytes; 
these increases occurred similarly in Pn~^~ {F6) and wild-type mice. 
Results represent mean ± SEM for 5-7 mice per group (F6). 



wild-type control mice (F6) following allergen challenge 
demonstrated similar increases compared to saline- 
challenged mice (Supporting Information Figs S2a-c). 



Periostin deficient mice have decreased TGF-pl and 
Foxp3 in the lung compared to wild-type littermate 
controls 

Periostin is known to increase TGF-P in airway epithe- 
lial cell culture [32], so we measured TGF-pl gene 
expression and total protein in the lungs of periostin 
deficient mice and wild-type controls following allergen 
challenge. Consistent with our prior data, we found that 
periostin deficient mice have decreased TGF-P 1 gene 
transcript and total protein in the lung following aller- 
gen challenge compared with wild-type controls 
(Figs 4a and b). TGF-P is known to induce the differen- 
tiation of T regulatory cells, so we measured Foxp3 (a 
transcription factor found in T regulatory cells) in 
whole lung. We found that Foxp3 gene expression was 
decreased in periostin null mice compared to littermate 
controls following Aspergillus antigen challenge 
(Fig. 4c). These findings suggest that periostin is a regu- 
lator of TGF-P 1 in vivo during allergic lung inflamma- 
tion. A decrease in TGF-pl in lung likely explains the 
reduction in Foxp3 expression, a marker of T regulatory 
cells. 



Epithelial cell-derived periostin induces Foxp3'^ T 
regulatory cell differentiation in a TGF-P dependent 
manner 

We have previously demonstrated that epithelial cell- 
derived periostin increases active TGF-P in cultures of 
airway epithelial cells [16]. TGF-P is known to exert 
anti-inflammatory effects in allergic airway disease via 
the conversion of CD4"' CD25" to CD25"' T regulatory 
cells [33]. We investigated if periostin can induce dif- 
ferentiation of T regulatory cells in a TGF-P dependent 
manner. Mouse CD4'' CD25~ T cells were isolated by 
flow cytometry, stimulated with anti-CD3, anti-CD28, 
and recombinant IL-2 and cultured with recombinant 
human TGF-P 1, recombinant human periostin, or 
co-cultured with airway epithelial cells (Beas2B) which 
are stably transfected with a human periostin expres- 
sion vector or a control vector [16]. Following activa- 
tion and stimulation with anti-CD3, anti-CD28, and 
recombinant IL-2, recombinant TGF-P 1, but not recom- 
binant periostin alone, induces an increase in surface 
expression of CD 2 5 and gene expression of Foxp3 in 
CD4"^ CD25~ T cells (Figs 5a and c). However, when 
co-cultured with airway epithelial cells over- expressing 
periostin, the CD4'' CD25~ T cells increased CD25 sur- 
face expression and Foxp3 gene expression (Figs 5b 
and d). The induction of Foxp3 expression in T cells 
co-cultured with airway epithelial cells over-expressing 
periostin is blocked by TGF-P signalling inhibition with 
the type I receptor kinase inhibitor SB 431542 and the 
pan-TGF-P antibody (Fig. 5e). 
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Fig. 3. Periostin deficient mice and wild-type controls have a similar increase in GFP^ IL-4 producing cells and GFP^ CD4^ cells within the lung 
following airway challenge with Aspergillus antigen. Schematic scheme showing a representative flow cytometric analysis for GFP"^ cells (a) or 
GFP^ CD4^ cells (c) performed on whole lung single-cell suspensions from periostin deficient mice [Pn~^~) in C57BL/6 4get background {F6) and 
wild-type (Wt) littermate controls. There is a similar increase in GFP-producing cells (b) and GFP^ CD4"^ cells (d) in the lungs of Pn~^~ mice and 
Wt littermate controls following Aspergillus (Asp) antigen challenge. Results represent mean ± SEM for 3-5 mice {F6) per group. **P < 0.01. 



Measures of epithelial mucin stores and peribronchial 
fibrosis increase similarly in periostin deficient mice and 
wild-type controls following airway challenge with 
Aspergillus antigen 

To determine if periostin affects epithelial mucin stores 
or peribronchial fibrosis, we quantified PAS staining in 
the epithelium and Sirius red staining of the peribron- 
chial region. PAS staining showed that epithelial mucin 
stores increased significantly following Aspergillus 
antigen challenge in periostin deficient mice, but there 
was no difference in periostin deficient mice and wild- 
type controls (Figs 6a and b). Sirius red staining 
showed that peribronchial fibrosis also increased signif- 
icantly following Aspergillus antigen challenge in 
periostin deficient mice with no significant difference 
compared to wild-type controls (Figs 6c and d). 

Discussion 

Periostin expression is increased in the airways of asth- 
matic subjects [2, 34], but its role in asthma pathogene- 
sis is unknown. Herein we explore the biological role of 
periostin in asthma using a mouse model and periostin 
deficient mice. We anticipated that periostin deficiency 
would protect from allergen-induced inflammation and 
hyperresponsiveness, but we found the opposite effect. 
Specifically, we found that compared to wild-type con- 
trols, periostin deficient mice have increased AHR and 



markedly increased serum IgE levels following repeated 
intranasal challenge with A. fumigatus antigen without 
differences in IL-4 producing-Th2 cells or in two out- 
comes of airway remodelling (epithelial mucin stores 
and peribronchial fibrosis). We also found evidence that 
periostin deficient mice have blunted TGF-P responses 
to allergen leading us to propose that the protective 
effects of epithelial cell-derived periostin are mediated 
by TGF-P-induced differentiation of T regulatory cells. 
In support of this hypothesis, we find that airway epi- 
thelial cell-derived periostin, but not recombinant 
periostin, induces conversion of CD4"^ CD25~ T cells 
into CD25"^ Foxp3"^ T cells in vitro in a TGF-P depen- 
dent manner. These data suggest an important role for 
airway epithelial cell-derived periostin and local TGF-P 
activation on the regulation of allergic immune 
responses in the airway. 

Periostin deficient mice challenged with Aspergillus 
allergen were significantly more hyperresponsive to 
acetylcholine than wild-type controls and demonstrated 
marked increases in systemic IgF responses. It should 
be noted that C57B6 mice traditionally demonstrate less 
hyperresponsiveness in response to allergen than other 
mouse strains [35], and the large changes in AHR 
reported herein likely relate to the aspergillus allergen 
model used. Aspergillus antigen challenge [36, 37] typi- 
cally yields higher AHR measurements in C57BL6 mice 
than the ovalbumin model [38-40]. The mechanism of 
the effects of periostin on AHR and serum IgE levels 
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Fig. 4. Periostin deficient mice have less TGF-pi and Foxp3 gene 
transcript and TGF-pi protein in the lung following Aspergillus anti- 
gen challenge. TGF-pi and Foxp3 mRNA (F6) and TGF-pi protein 
{F3) in lungs from saline and Aspergillus (Asp) antigen-challenged, 
wild-type (Wt) and Pn~^~ mice, (a) TGF-P 1 transcripts increase in Wt 
mice following allergen challenge but do not in the Pn~^~ mice, (b) 
TGF-P 1 protein per 20 jig of total protein increases in Wt mice fol- 
lowing allergen challenge but does not in the Pn~^~ mice, (c) Foxp3 
transcripts are decreased in Pn~^~ mice compared with wild-type (Wt) 
controls following allergen challenge. Results represent mean ± SEM 
for 3-5 mice per group. *P < 0.05, **P < 0.01, < 0.001. 

may relate to the role of locally produced TGF-P and 
its anti-inflammatory effects within the airway. For 
example, we recently reported that periostin is a prod- 
uct of airway epithelial cells that activates TGF-P in a 
mechanism involving matrix metalloproteinases [16]. 
Consistent with those findings, we demonstrate that 
TGF-P 1 gene expression and total protein are decreased 
in periostin deficient mice following allergen challenge. 

A negative regulatory role for periostin and TGF-P in 
allergic airway responses is plausible. TGF-P is a com- 
plex and pleiotropic cytokine with numerous cellular 
functions, including pro and anti-inflammatory effects 
that depend on the context of its activation [16, 33, 
41]. TGF-P induces the development of CD4"' CD25"', 
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Fig. 5. Epithelial cell-derived periostin induces Foxp3 expression in T 
cells in a TGF-pi dependent manner. Recombinant human TGF-P 1 
(10 ng/mL) but not recombinant human periostin induces CD25 
expression (a) and Foxp3 gene expression (c) in activated CD4"^ 
CD25~ mouse T cells. Co-culture of activated CD4^ CD25~ mouse T 
cells with Beas2B cells over-expressing periostin (B2BPN) but not a 
control vector {B2BCTL) induces CD 2 5 expression (b) and Foxp3 gene 
expression (d). The induction of Foxp3 gene expression in activated 
CD4^CD25" mouse T cells co-cultured with B2BPN is blocked by 
treatment with the TGF-pi receptor kinase inhibitor SB-431542 (SB) 
and the pan-TGF-P blocking antibody (BA) (e). Results represent 
mean ± SEM, iV = 3. *P < 0.05, **P < 0.01. 



Foxp3"^ T regulatory cells [33, 42], which suppress IgE 
[43-45] and CD4"' CD25" T cell proliferation [46-48] 
via IL-10 production. CD4"' CD25"' T regulatory cells 
have also been shown to significantly reduce AHR in 
mouse models of asthma [49-51]. A reduction in T reg- 
ulatory cells in the periostin deficient mice might there- 
fore explain the enhanced serum IgE responses and 
AHR following airway allergen challenge in these 
mice. We found evidence for this mechanism in our 
experiments. TGF-P 1 was decreased in the lungs of the 
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Fig. 6. Periostin deficient mice develop increased epithelial mucin stores and peribronchial collagen deposition in response to Aspergillus antigen, 
(a) Representative periodic acid-Schiff {PAS)-stained sections from saline treated wild-type (Wt) or periostin deficient [Pn~^~] mice demonstrate 
minimal PAS-positive staining. Aspergillus (Asp) antigen treated Wt and Pn~^~ mice show magenta staining within epithelial cells, representing 
mucin stores. Magnification: 20 x. (b) Epithelial mucin stores, represented as the volume of PAS-stained regions referenced to the area of epithe- 
lial basal lamina, increase markedly after Asp challenge in both Pn~^~ mice and wild-type mice (F3). Results represent mean ± SEM for 5-6 mice 
(F3) per group, (c) Representative Sirius red-stained sections from saline treated Wt or Pn~^~ mice demonstrate minimal collagen staining. Asp 
treated Wt and periostin Pn~^~ mice show increased peribronchial Sirius red staining representing airway fibrosis. Magnification: 20 x. (d) Peri- 
bronchial fibrosis of small-medium sized airways (100-300 jim diameter), represented as the volume of Sirius red staining per basal lamina, 
increase after Asp challenge in both Pn~^~ mice and Wt mice (F3). Results represent mean ± SEM for 3-4 mice {F3) per group. Results represent 
mean ± SEM for {F3) per group. *P < 0.05, **P < 0.01, < 0.001. 



periostin deficient mice following allergen challenge, as 
were Foxp3 transcripts. The reduction in Foxp3 tran- 
scripts suggests reduced numbers of T regulatory cells, 
and we would expect concomitant reductions in IL-4 
producing CD4"' T effector cells or decreased levels of 
Th2 cytokines. The absence of these findings leads us to 
speculate that reductions in other TGF-P responsive cell 
types, such as Thl7 or Th9 cells, might explain these 
findings. 

In complimentary in vitro experiments, we demon- 
strate that epithelial cell-derived periostin, but not 
recombinant periostin alone, can promote development 
of CD25"' Foxp"" T cells from CD4"' CD25" T cells. This 
suggests that while periostin plays a role in the 
development of a T regulatory cell phenotype in this 
model, other epithelial cell-derived factors such as 
latent TGF-P, matrix metalloproteinase, or epithelial 



integrins, are required for the induction of Foxp3 gene 
expression. Furthermore, we show that epithelial cell- 
derived periostin up-regulates Foxp3 gene expression in 
a mechanism dependent on TGF-P 1 activity. While 
these data do not preclude the possibility that other cell 
types such as fibroblasts are also a source of periostin 
in the asthmatic lung, they suggest a role for epithelial 
cell-derived periostin in TGF-P-mediated regulation of 
airway immune responses via epithelial-T cell 
cross-talk. 

We did not find differences in BAL eosinophilia 
between the periostin null mice and wild-type controls 
following Aspergillus antigen challenge, a finding that 
differs from recent reports that periostin deficiency 
exacerbates oesophageal eosinophilia in a mouse model 
of allergic oesophagitis [52]. However, our experiments 
were performed in mice backcrossed into a C57BL/6 
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background, whereas the allergic oesophagitis studies 
were done in the 129SVEV background [52], and it is 
possible that eosinophil responses in different model 
systems are strain specific. 

The effects of periostin deficiency on allergen- 
induced AHR and serum IgE occurred without any 
effect on allergen-induced changes in peribronchial 
fibrosis. Periostin has been implicated in mechanisms 
of wound repair and collagen fibrillogenesis [10, 12, 
14]; thus, periostin deficiency with a concomitant 
decrease in TGF-pi might have been expected to inhi- 
bit allergen-induced airway fibrosis. For example, 
periostin null mice exhibit a significant decrease in the 
thickness of the collagenous dermal layer of the skin 
and display abnormal collagen fibrillogenesis and a 
reduced level of collagen cross-linking [10, 14]. It is 
possible that non-TGF-pi dependent pathways are 
recruited in the development of peribronchial fibrosis 
in this model of allergic inflammation. It is also possi- 
ble that aberrations in peribronchial collagen matrix 
deposition or collagen cross-linking are indeed present 
in the periostin deficient mice following allergen chal- 
lenge and may even contribute to the observed increase 
in bronchial hyperresponsiveness but that these differ- 
ences are not readily measured using stereological tech- 
niques. 

We found that airway challenge with Aspergillus 
allergen caused a large increase in epithelial mucin 
stores that was not affected by periostin deficiency. This 
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Supporting Information 

Additional Supporting Information may be found in 
the online version of this article: 

Fig. SI. 129SJv;C57BL/6 (F3) Periostin deficient mice 
have increased airway hyperreactivity, systemic IgE 
responses, and BAL eosinophilia following airway chal- 
lenge with Aspergillus antigen, (a) Airway reactivity to 
intravenously administered acetylcholine is similar in 
periostin deficient [Pn~^~] mice (F3) and wild type (Wt) 
mice, but acetylcholine reactivity following Aspergillus 
(Asp) challenge is more severe in Pn~^~ mice (F3). (b) 
Serum IgE levels are similar in Pn~^~ mice (F3) and Wt 
mice, but IgE levels following Asp challenge are more 
severe in Pn~^~ mice (F3). (c) Total cell numbers in 
bronchoalveolar lavage (BAL) are similar in Pn~^~ mice 
(F6) and Wt mice, and increased markedly following 
Asp challenge with increases in macrophages, eosin- 
ophils, and lymphocytes. Results represent mean ± SEM 
for 7-9 mice per group. *P < 0.05, **P < 0.01, ***P < 
0.001. 



Fig. S2. Periostin deficient mice and wild-type con- 
trols express similar levels of TH2 cytokines in draining 
thoracic lymph nodes following Aspergillus antigen 
challenge. mRNA for TH2 cytokines (IL-4, IL-5, and IL- 
13) in draining thoracic lymph nodes from saline and 
Aspergillus (Asp) antigen challenged, wild-type (Wt) 
and periostin deficient (Pn^~) mice (F6). (a) IL-4 tran- 
scripts increase similarly in Wt mice and Pn~'~ mice (F6) 
following allergen challenge, (b) IL-5 transcripts 
increase similarly in Wt mice and Pn^~ mice (F6) fol- 
lowing allergen challenge, (c) IL-13 transcripts increase 
similarly in Wt mice and Pn^~ mice (F6) following 
allergen challenge. Results represent mean ± SEM for 
3-5 mice (F6) per group. *P < 0.05, **P < 0.01. 
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